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ABSTRACT

In higher eukaryotes, intron-containing and intronless versions of otherwise identical genes can exhibit dramatically different
expression profiles. Introns and the act of their removal by the spliceosome can affect gene expression at many different levels,
including transcription, polyadenylation, mRNA export, translational efficiency, and the rate of mRNA decay. However, the
extent to which each of these steps contributes to the overall effect of any one intron on gene expression has not been rigorously
tested. Here we report construction and initial characterization of a luciferase-based reporter system for monitoring the effects
of individual introns and their position within the gene on protein expression in mammalian cells. Quantitative analysis of
constructs containing human TPI intron 6 at two different positions within the Renilla luciferase open reading frame revealed
that this intron acts primarily to enhance mRNA accumulation. Spliced mRNAs also exhibited higher translational yields than
did intronless transcripts. However, nucleocytoplasmic mRNA distribution and mRNA stability were largely unaffected. These

findings were extended to two other introns in a TCR-B minigene.
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INTRODUCTION

Most genes in higher eukaryotes are interrupted by at least
one intron. Although introns are often considered super-
fluous junk that must be removed to create a translatable
mRNA, in actuality they are both vital facilitators of mo-
lecular evolution and crucial regulators of gene expression.
In addition to promoting the creation of new genes by exon
duplication and allowing for the synthesis of multiple pro-
teins from a single gene by alternative splicing, many studies
have shown that constitutively spliced introns are required
for optimal gene expression. For example, early experiments
revealed that recombinant SV-40 cDNAs produced little or
no mRNA, but this deficiency could be corrected by includ-
ing an intron of either viral or cellular origin (Gruss et al.
1979; Hamer et al. 1979). Later it was demonstrated in
several systems, including mammalian tissue culture cells,
transgenic mice, insects, and plants, that optimal expression
of many endogenous genes similarly requires the presence
of one or more introns (Callis et al. 1987; Buchman and
Berg 1988; Chiou et al. 1991; Palmiter et al. 1991; Duncker
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et al. 1997; Bourdon et al. 2001). Although having an intron
is not a univeral requirement for eukaryotic gene expres-
sion, as evidenced by the existence of naturally intronless
genes, protein expression from such genes can nonetheless
be boosted by intron addition (Buchman and Berg 1988; B.
Cullen, pers. comm.).

When considered as a whole, the extensive literature de-
scribing the effects of introns on gene expression presents a
rather complicated mosaic. For example, the magnitude of
intron-dependent effects can vary tremendously, from al-
most nothing to more than a 400-fold increase in mRNA
levels (Buchman and Berg 1988; Bourdon et al. 2001). Fac-
tors affecting this magnitude are intron identity, exon se-
quence context and intron position within the gene. In
some cases, different introns positioned identically within a
single gene elicited entirely opposite effects on protein ex-
pression (Bourdon et al. 2001). In others, the same intron
placed into different exons yielded opposite results (Buch-
man and Berg 1988; Bourdon et al. 2001). To date, the
intronic characteristics that contribute to these differences
remain largely undefined. However, some of this variability
is likely explained by introns influencing gene expression at
multiple steps, with individual introns contributing differ-
entially to each step.

Individual steps in gene expression reported to be af-
fected by introns include transcription, polyadenylation,
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mRNA export, translational efficiency, and mRNA decay.
Promoter proximal introns can augment pre-mRNA syn-
thesis by enhancing both transcription initiation and RNA
polymerase II processivity (Fong and Zhou 2001; Furger et
al. 2002; Kwek et al. 2002). Further, synergistic interactions
between the splicing and polyadenylation machineries con-
tribute to more efficient 3’ end processing of intron-con-
taining transcripts (Proudfoot et al. 2002). When injected
into Xenopus oocyte nuclei, some spliced RNAs are ex-
ported to the cytoplasm more rapidly than identical RNAs
transcribed from ¢cDNAs (Luo and Reed 1999; Zhou et al.
2000; Le Hir et al. 2001). Also in Xenopus oocytes, spliced
mRNAs have been reported to have different translational
efficiencies than identical mRNAs not generated by splicing
(Braddock et al. 1994; Matsumoto et al. 1998). Finally, an
intron positioned downstream from an in-frame termina-
tion codon can target the spliced mRNA for rapid degra-
dation by the process of nonsense-mediated mRNA decay
(NMDj; Maquat and Carmichael 2001; Wilusz et al. 2001;
Wilkinson and Shyu 2002). The effects of introns on
nuclear export and NMD have been attributed to compo-
nents of the exon junction complex (EJC; Kim et al. 2001;
Le Hir et al. 2001; Lykke-Andersen et al. 2001). The EJC is
an assemblage of proteins deposited on mRNAs 20-24 nt
upstream of exon—exon junctions (Le Hir et al. 2000). Some
of these proteins can accompany the spliced mRNA through
the nuclear pore and thereby influence cytoplasmic mRNA
metabolism (Le Hir et al. 2001; Dreyfuss et al. 2002).

Although numerous effects of introns on various steps of
gene expression have been described, to date, each effect has
been characterized independently on different genes and in
diverse expression systems. Furthermore, many of the early
studies (see above) were published before it was realized just
how many steps in the gene expression pathway are poten-
tially affected by introns. Consequently, the extent to which
each step contributes to the overall effect of any one intron
on gene expression is currently unknown for any single
gene. Here we describe construction and initial character-
ization of a luciferase-based reporter system for monitoring
the effects of individual introns on gene expression and how
these effects vary with intron position. By allowing inde-
pendent analysis of intron identity and intron position, this
system provides a useful tool for dissecting the molecular
mechanisms by which individual introns and the act of
splicing influence mammalian gene expression.

In this study, we monitored the effects of the sixth intron
from the human triose phosphate isomerase (TPI) gene at
two different positions inside the open reading frame (ORF)
of Renilla luciferase. Both intron positions significantly en-
hanced gene expression, with the promoter proximal intron
having a much more pronounced effect. For both positions,
stimulation of protein expression was largely due to in-
creased mRNA accumulation and translational yield. We
did not observe any significant splicing-dependent alter-
ation in mRNA stability or nucleocytoplasmic distribution.
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Curiously, enhanced mRNA accumulation directed by the
promoter proximal intron was highly sensitive to the means
of 3" end formation. To determine whether these observa-
tions were generalizable to another system, we also exam-
ined the consequences of removing one or both introns
from a highly expressed TCR-f3 minigene. Again, we found
that the major intron effects were at the levels of mRNA
accumulation and translational yield, not nucleocytoplas-
mic distribution.

RESULTS

Constructs

To initiate a systematic analysis of intron effects, we chose
the intronless Renilla luciferase cDNA as a reporter system
(Fig. 1A). Because optimal excision of an individual intron
often requires the context of its naturally flanking exons, we
first inserted exons 6 and 7 from human TPI at both ends
of the Renilla ORF to generate a fusion protein carrying
identical TPI peptide sequences at both the N- and
C-termini (no-intron control). To measure the effects of
adding a single intron and varying its position within the
OREF, derivative constructs were created that contained TPI
intron 6 between either the 5’ or 3’ set of TPI exons (5’
intron and 3’ intron). All constructs carried a CMV pro-
moter and the polyadenylation signal from the bovine
growth hormone gene for in vivo expression, as well as a T7
promoter for in vitro transcription. To ensure that the ob-
served Renilla luciferase activity accurately reflected in vivo
mRNA levels over the range of DNA concentrations we
used, we transfected HeLa cells with varying amounts of the
5" intron construct (which yielded the highest levels of lu-
ciferase expression; see below). As expected, both luciferase
mRNA and luciferase activity increased linearly over the full
range of DNA concentrations tested (Fig. 1B,C).

Both luciferase activity and mRNA levels are
enhanced by introns

When monitored 42 h post-transfection, both intron-con-
taining constructs yielded significantly more luciferase ac-
tivity than the no-intron control (Fig. 2A). However, the 5’
intron had a much greater impact (29-fold enhancement)
than the 3’ intron (8-fold enhancement). A time course
revealed that these intron-dependent differences were de-
tectable as early as 7 h post-transfection, with luciferase
activity from all three constructs continuing to increase for
at least 21 h thereafter (Fig. 2B).

To determine the extent to which the above intron-de-
pendent enhancements in luciferase activity were due to
altered mRNA levels, we next performed ribonuclease pro-
tection assays (RPAs) with probes designed to detect both
pre-mRNA and mRNA for either intron position (Fig. 2C).
Both intron-containing constructs yielded significantly
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FIGURE 1. Schematic representation of TPI/Renilla luciferase re-
porter constructs. (A) Human triose phosphate isomerase (TPI) exons
6 and 7 were cloned in frame at both ends of the Renilla luciferase ORF
(no intron). TPI intron 6 was inserted at either end to generate the 5’
and 3’ intron constructs. (B) Increasing the amount of transfected 5’
intron plasmid elicits a linear increase in mRNA levels. RPA was
performed 24 h post-transfection with probe K (Fig. 2C). Two-hun-
dred-fifty nanograms (lanes 1,3,5,7,9,11) or 1 pg (lanes 2,4,6,8,10,12)
total RNA was used for RPA. (C) Renilla luciferase activity increases
linearly with increasing mRNA levels. mRNA levels are represented
relative to 100 ng DNA transfected. (LU) Luminescence units.

more mRNA than the no-intron control (Fig. 2D), with the
5" intron giving a greater enhancement (~13-fold) than the
3’ intron (~2-fold). Further, both the 5" and 3’ introns
appeared to be efficiently processed (compare relative pre-
mRNA:mRNA signals in lanes 3—4 and 5-6), suggesting that
splicing of TPI intron 6 is not highly dependent on its
distance from either end of the mRNA.

Taken together, the above results confirm that even in the
context of a strong CMV promoter, it is possible to detect
dramatic enhancement of gene expression by the inclusion
of a single intron within the ORF. Furthermore, the level of
the response is dependent on intron position, with TPI
intron 6 being more stimulatory at the 5’ end than at the 3’
end. In both cases, however, the enhancement in luciferase

activity was greater than would be predicted by increases in
mRNA levels alone. Whereas the 5’ intron construct exhib-
ited a 29-fold enhancement in luciferase activity over the
no-intron control, the level of mRNA only increased 13-
fold. Similarly, whereas the 3’ intron construct exhibited an
8-fold increase in luciferase activity over the no intron con-
trol, mRNA accumulation was only enhanced 2-fold. Thus
both spliced mRNAs exhibited a 2—4 fold increased trans-
lational yield (i.e., the amount of protein produced per
mRNA) compared to the no-intron control mRNA.

No effect of splicing on mRNA decay

Higher mRNA levels for the intron-containing constructs
could result from increased transcriptional efficiency, in-
creased polyadenylation of nascent transcripts, decreased
decay of pre-mRNA or mature mRNA, or some combina-
tion of these. To examine relative mRNA decay rates,
we initially determined half-lives for all three TPI/Renilla
mRNAs after inhibition of transcription with actinomycin
D (Fig. 3A). Because so much more mRNA was produced
by the intron-containing constructs, we wanted to avoid the
possibility that the decay machinery might become satu-
rated by the spliced mRNAs. Therefore, to compare similar
initial mRNA levels for all three constructs, we used pro-
portionately less of the intron-containing plasmids for
transfection, while maintaining a constant amount of total
transfected DNA (see Materials and Methods). All three
mRNAs exhibited half-lives of ~7 h, indicating no signifi-
cant differences in mRNA stability dependent on splicing.
To eliminate the possibility that global transcription inhi-
bition led to pleotropic effects on mRNA decay, we also
monitored mRNA half-lives by expressing all three con-
structs from a tetracycline-repressible promoter (Tet-Off™
system, Clontech). This promoter also drove expression of
GFP mRNA in the opposite orientation, giving an internal
standard for mRNA decay following transcriptional repres-
sion. Again, all three TPI/Renilla mRNAs exhibited almost
identical half-lives (Fig. 3A,B). We conclude that inclusion
of TPI intron 6 at either the 5’ or 3’ end of the TPI/Renilla
OREF is of little or no consequence for stability of the mature
mRNA.

Effects of ribozyme cleavage on splicing-dependent
mRNA accumulation

We next constructed variants of the CMV-promoter con-
structs in which a self-cleaving ribozyme was inserted up-
stream of the polyadenylation site (Fig. 4). This hammer-
head ribozyme has previously been used to generate
poly(A)-minus mRNAs in Saccharomyces cerevisiae with
high efficiency (Samarsky et al. 1999). Our rationale for
making these constructs was as follows. If some of the in-
tron-dependent enhancement of mRNA accumulation was
dependent on poly(A) site cleavage and/or polyadenylation
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of nascent transcripts, then 3’ end formation with a ribo-
zyme should abrogate this portion of the enhancement.
When compared to the parental constructs, all three
ribozyme constructs expressed lower levels of TPI/Renilla
mRNA (Fig. 4). RPA with a probe spanning the ribozyme
sequence showed that in all three cases, most of the TPI/
Renilla mRNA did terminate at the ribozyme cleavage site
(Fig. 4A). However, given the importance of poly(A) tails
for mRNA stability (Caponigro and Parker 1995; Duvel et
al. 2002, and references therein), we were somewhat sur-
prised that ribozyme cleavage reduced mRNA levels from
the no-intron construct just twofold compared to tran-
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FIGURE 2. Introns enhance both luciferase expression and mRNA accumulation in transiently
transfected HeLa cells. (A) Cell lysate luciferase activity measured 42 h post-transfection.
Activities shown are an average of three independent experiments; error bars represent stan-
dard deviation. (B) Time course of luciferase expression in living cells. Transfected HeLa cells
were monitored for luciferase activity from 4 to 46 h post-transfection. (C) Analysis of total
TPI/Renilla mRNA levels 42 h post-transfection. RPA reactions contained 250 ng or 1 ug total
RNA using probe A and probe C (schematized in Fig. 1A). Bands corresponding to pre-mRNA
and spliced mRNA are as indicated. Doublet observed with probe A is due to partial homology
in the noncomplimentary tail of the probe. Zeocin mRNA, which is transcribed from the same
plasmid as TPI/Renilla mRNA was used as a control. (UT) Untransfected. (D) Quantitation of
mRNA levels. TPI/Renilla mRNA levels were normalized to zeocin mRNA and plotted relative
to the no-intron control. Relative mRNA levels reflect an average of three independent ex-

periments; error bars represent standard deviation.
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hours post-transfection

scripts terminating at the poly(A) site (Fig. 4B, lanes 2,8,
and 4C). This rather small effect on mRNA accumulation
has been observed previously in S. cerevisiae, in which 3’
end formation with a similar ribozyme only reduced steady-
state mRNA levels by 15%. In that case it was suggested that
either the 2', 3’ cyclic phosphate terminus left behind by the
ribozyme impaired access of 3’ exonucleases to the mRNA,
or the absence of a poly(A) tail prevented deadenylation-
dependent removal of the 5" cap structure (Duvel et al.
2002). Finally, inclusion of the ribozyme in the 3’-UTR had
no detectable effect on the level of unspliced pre-mRNA
from the 5’ intron construct (Fig. 4B, cf. lanes 4 and 10).
This suggests that the ribozyme was of
little consequence for either transcrip-

tion rate or pre-mRNA stability.
The decrease in mRNA accumulation
8 upon ribozyme cleavage was much more
significant for the 5’ intron construct
than for either the 3’ intron or no-in-
tron constructs (Fig. 4B,C). Whereas the
5’ intron construct capable of polyade-
nylation yielded ~14-fold more mRNA
than its respective no intron control, the
ribozyme-containing 5’ intron con-
struct yielded only ~2-fold more mRNA
than its no-intron control. In contrast,
the 3’ intron construct exhibited almost
no dependence on polyadenylation for
enhanced mRNA accumulation, as both
the poly(A)-site-containing and ribo-
zyme-containing 3’ intron constructs
yielded ~2-fold more mRNA than their
respective no-intron control constructs
(Fig. 4B,C). Possible explanations for
this phenomenon are presented in the

Discussion.
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intron nilla mRNA, we compared the relative

amounts of all three mRNAs in the
nuclear and cytoplasmic compartments
24 h post-transfection. As with the
mRNA decay experiments (see above),
we used proportionately less of the in-
tron-containing plasmids for transfec-
tion to compare similar in vivo levels of
spliced and no-intron mRNAs. All three
mRNAs were predominantly cytoplas-
mic, and there was no significant differ-
ence in the nuclear:cytoplasmic mRNA
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FIGURE 3. Splicing does not affect mRNA stability. (A) Time course of TPI/Renilla mRNA decay after treatment of transfected cells with
actinomycin D. RPAs were performed on 4 pg total RNA using probe C (Fig. 1A) at times indicated following actinomycin D addition. The graph
represents a quantitative analysis of the inset gel. (B) Time course of TPI/Renilla and GFP mRNA decay after transcription repression with 1 pug/mL
doxycycline. Constructs expressed both mRNAs in opposing orientations as schematized at top. RPAs were performed on 2 pg total RNA using
TPI/Renilla probe B (Fig. 1A) and a GFP-specific probe at times indicated following doxycycline addition. Right-most lane monitors mRNA levels

at the last time point in the absence of transcriptional repression.

ratio dependent on splicing (Fig. 5). However, consistent
with the known role of the poly(A)-tail in mRNA export
(Eckner et al. 1991; Huang and Carmichael 1996), the ribo-
zyme-cleaved transcripts accumulated to a greater extent in
the nuclear fraction (data not shown). This confirmed that
our assay was capable of detecting differences in nucleocy-
toplasmic RNA distributions. Therefore, we conclude that
the splicing-dependent increase in mRNA translational
yield observed in Figure 1 was not due to enhanced accu-
mulation of mRNA in the cytoplasm.

Similar relative effects are observed for TCR-$
minigene constructs

Taken together, the above results indicate that for the TPI/
Renilla luciferase constructs, the main effects of adding TPI
intron 6 within the ORF were at the levels of mRNA syn-
thesis and mRNA translational yield. To determine whether
these findings could be extended to another reporter sys-
tem, we examined the effects of removing either or both
introns from a TCR-B minigene (Fig. 6A). However, it
should be noted that in this case, the two introns are not
identical. All four TCR constructs were driven by the CMV
promoter and contained a C-terminal FLAG" epitope for
protein detection.

Similar to the TPI/Renilla constructs, protein expression
from the no-intron TCR-B minigene was severely compro-
mised compared to the minigene containing both introns
(Fig. 6B). In fact, in transient transfections, we could not
detect any protein produced from the no-intron construct,
indicating that its protein expression was reduced at least
56-fold (Fig. 6B, 100/1.8) compared to the two-intron gene.
Because the no-intron mRNA could direct translation of
TCR-B protein in rabbit reticulocyte lysate (data not
shown), lack of detectable protein in the transfection ex-
periments was not due to any inherent defect in the con-
struct. Comparison of protein levels from the two-intron
and one-intron constructs revealed that having two introns
was better than having either single intron alone. However,
the effect of each intron alone was highly intron specific.
That is, while intron 2 yielded almost half as much protein
as having both introns, intron 1 yielded only minimal
amounts of protein.

We next examined the relative mRNA levels for each
TCR-B construct (Fig. 6C). Compared to the two-intron
construct, the no-intron control expressed 20-fold less
mRNA. Again, the single-intron constructs exhibited inter-
mediate effects, with intron 2 alone being more advanta-
geous than intron 1 alone. These results are consistent with
a previous report that different introns can have quite dis-
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FIGURE 4. Uncoupling transcription and 3" end formation reduces
mRNA accumulation from the 5’ intron construct, but has little effect
on 3" intron mRNA. (A) Efficiency of ribozyme (rz) self-cleavage. A
probe spanning the ribozyme sequence (probe R) was hybridized to
1.5 pg (lanes 1,3,5) or 6 pg (lanes 2,4,6) total RNA from transfected
cells. No intron plasmid DNA was used to obtain protected fragments
corresponding to uncleaved mRNA (lane 7). (B) Comparison of
mRNA levels from cells transfected with either the parental constructs
(Fig. 1A) or their ribozyme-containing equivalents. RPAs were per-
formed with probe B on 1.5 or 6 ug total RNA. Lower panel shows
endogenous cyclophilin mRNA levels. (C) Summary of TPI/Renilla
mRNA levels for each construct relative to the no-intron/no-ribozyme
control. Numbers represent the average of two independent experi-
ments and error bars indicate standard deviations.

similar consequences for gene expression even when placed
in identical positions (Bourdon et al. 2001). When taken
together, the above data indicate that, similar to TPI/Renilla
mRNA, spliced TCR-B mRNAs have a >2.7-fold higher
translational yield than the no-intron mRNA.

To determine the extent to which the observed differ-
ences in protein expression were due to differences in sub-
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cellular mRNA localization, we performed biochemical
fractionations of nuclear and cytoplasmic compartments
(Fig. 6D). As before, these experiments were performed
under conditions where in vivo mRNA levels were normal-
ized by titrating the amount of transfected DNA. As with
the TPI/Renilla mRNAs, again we saw only minor, if any,
differences in the subcellular distributions of TCR-8 mRNA
dependent on the presence or absence of introns. Notably,
removal of both introns reduced the levels of mRNA in the
cytoplasm by at most 1.4-fold compared to the two-intron
construct. Therefore, differences in the nucleocytoplasmic
distribution due to splicing cannot fully explain the in-
creased translational yield from spliced TCR- mRNA.

DISCUSSION

In this article, we have quantified the effects of three dif-
ferent introns (one from the human TPI gene and two from
a mouse TCR- minigene) on multiple steps of gene ex-
pression. We find that even when expression is driven by
the strong CMV promoter, all three of these introns signifi-
cantly enhance protein expression. Their major effect is to
increase steady-state mRNA levels. A secondary conse-
quence is an increased translational yield from spliced
mRNAs. However, we did not observe any significant effects
of introns within ORFs on either mRNA stability or nu-
cleocytoplasmic distribution. Below, we discuss how each of
these observations fits with our current understanding of
the mechanisms by which introns influence individual steps
of gene expression.

Effects of introns on mRNA synthesis

In both systems examined here, the major effect of includ-
ing one or more introns within the ORF was to increase
mRNA abundance. For the TPI/Renilla constructs, we could
observe no splicing-dependent alteration in mRNA stability
(Fig. 3). This is consistent with previous data indicating
that introns positioned within an ORF do not significantly
influence mRNA half-life once the mRNA has been released
from the site of transcription (Ryu and Mertz 1989). At
present, however, we cannot rule out the possibility that
some of the splicing-dependent mRNA accumulation was
due to pre-mRNA stabilization. In this regard, the Tollervey
lab has described an exosome-dependent pre-mRNA dis-
card pathway in S. cerevisiae (Bousquet-Antonelli et al.
2000), and the exosome was recently shown to asso-
ciate with RNA pol II at sites of active transcription in
Drosophila (Andrulis et al. 2002). It is possible that a higher
percentage of intron-containing transcripts than cDNA
transcripts escapes surveillance and degradation by nuclear
exosomes because they are more efficiently processed and
released from the site of transcription than intronless tran-
scripts.

Another mechanism by which introns can influence
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mRNA synthesis is by modulating the transcriptional ma-
chinery. In HeLa cell nuclear extract, introns can enhance
transcriptional elongation by recruiting P-TEFb, a RNA pol
II CTD kinase, through its interaction with the splicing
factor TAT-SF1 (Fong and Zhou 2001). CTD phosphory-
lation by P-TEFb makes the polymerase more processive,
resulting in a greater percentage of full-length transcripts
(Price 2000). However, to what extent this intron-depen-
dent increase in processivity contributes to pre-mRNA syn-
thesis in vivo is not yet known. On the other hand, nuclear
run-on analysis in both yeast and mammalian tissue culture
cells has revealed an intron-dependent enhancement in
transcription initiation rates (Furger et al. 2002; Kwek et al.
2002). This effect is most pronounced for a promoter-
proximal intron. This is consistent with our finding that the
TPI intron had a much greater effect on mRNA accumu-
lation when positioned near the 5’ end of the Renilla lucif-
erase gene than when positioned near its 3" end.

Insertion of a ribozyme upstream of the poly(A) site al-
lowed us to determine whether any of the enhancement in
spliced mRNA levels required normal 3’ end formation
(Fig. 4). This experiment revealed that the increase in
mRNA levels promoted by the 3" intron over the no-intron
control was independent of how the 3’ end was generated
(aproximately twofold in both cases). In contrast, enhance-
ment of mRNA levels by the 5 intron exhibited a very
strong dependence on the mechanism of 3" end formation,
suggesting that the major effect of the 5’ intron is to en-
hance polyadenylation efficiency. While the synergistic con-
nection between splicing and polyadenylation has been well
established (for review, see Proudfoot et al. 2002), what has
not been previously tested is how this link is affected by
varying the position of a single intron within an otherwise
intronless gene. What our data suggest is that there is a
strong relationship between polyadenylation efficiency and
intron position, with a promoter proximal intron being
more stimulatory than the same intron positioned more

distally. Clearly, it will now be of interest to examine this
phenomenon in greater detail.

In contrast to the TPI intron in the context of Renilla
luciferase, removal of intron 2 from the TCR-3 minigene
had a greater effect on mRNA accumulation than removal
of intron 1. In this case, however, the two introns were not
identical and we did not determine the extent to which the
accumulation effects were due to changes in mRNA syn-
thesis or stability. Because identically positioned, but dis-
tinct introns can have markedly different effects on gene
expression (Bourdon et al. 2001), it would be necessary to
examine TCR-B introns 1 and 2 individually before one
could make any firm conclusions about how they differen-
tially affect mRNA accumulation.

Minimal effects of splicing on nucleocytoplasmic
mRNA distribution in mammalian cells

One effect of splicing on downstream mRNA metabolism
that has received much attention of late is enhancement of
nuclear export (Reed and Magni 2001; Maniatis and Reed
2002; Reed and Hurt 2002). In 1999, Luo and Reed showed
that some spliced RNAs are exported more efficiently from
Xenopus oocyte nuclei than identical cDNA-derived tran-
scripts (Luo and Reed 1999). Subsequent work demon-
strated that a known mRNA export adaptor, REF/Aly, is
recruited to mRNAs by splicing as part of the EJC (Le Hir
et al. 2000; Zhou et al. 2000). Confirmation that the EJC is
the species responsible for positive effects of splicing on
RNA export in oocytes came from analysis of spliced RNAs
that either did or did not carry an EJC (Le Hir et al. 2001).
However, whereas RNAs shorter than ~300 nt are ineffi-
ciently exported unless they carry an EJC, this effect be-
comes less pronounced as RNA length increases (Le Hir et
al. 2001; Rodrigues et al. 2001). This length dependence is
most likely explained by the ability of REF/Aly and other
mRNA export adaptors to bind to low affinity sites inde-
pendent of splicing (Rodrigues et al. 2001). Examples of
other export adaptors are hnRNP A1, SRp20, 9G8, ASF/SF2,
and HuR, all of which can bind mRNA independent of
splicing (Michael et al. 1997; Caceres et al. 1998; Gallouzi
and Steitz 2001; Huang and Steitz 2001). Thus, as the length
of an mRNA increases, so does the likelihood that it will
contain binding sites for one or more export adapters.
Longer RNAs may therefore be able to establish productive
interactions with the export machinery independent of
splicing.

The positive effects of splicing on RNA export described
above were observed exclusively in Xenopus oocytes. In the
present study, we examined the effect of splicing on nucle-
ar:cytoplasmic mRNA ratios in HelLa cells. For the TPI/
Renilla constructs, we observed no splicing-dependent in-
crease in cytoplasmic mRNA levels (Fig. 5), and for the
TCR-B transcripts, there was at best a 1.4-fold increase in
cytoplasmic mRNA for the two-intron construct compared
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to the no-intron mRNA (Fig. 6D). Our results are in agree-
ment with several other studies that examined the effects of
splicing on cytoplasmic mRNA accumulation in mamma-
lian and insect cells. In 1988, Buchman and Berg reported
that despite a 400-fold diminution in the overall level of
rabbit B-globin mRNA upon removal of both its natural
introns, there was no change in the proportion of mRNA
that was cytoplasmic (Buchman and Berg 1988). Similarly,
Lu and Cullen recently found no significant export effect in
several mammalian and avian cell lines upon removal of
introns from a number of indicator genes of various lengths
(B. Cullen, pers. comm.). Finally, RNAi knockdown experi-
ments revealed that REF/Aly and other EJC components are
dispensable for export of bulk mRNA in Drosophila cells
(Gatfield and Izaurralde 2002).

Taken together with our results, the currently available
data therefore indicate that splicing and/or EJC deposition
is of little or no consequence for the nuclear export of most
mRNAs. However, it does remain possible that splicing is

cMV
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an important effector for the export of some individual
mRNAs. In this regard, Ryu and Mertz reported that re-
moval of introns from an SV40 late gene resulted in a ~100-
fold reduction in cytoplasmic mRNA levels. They went on
to show that the main contributors to this reduction were
decreased nuclear mRNA stability and decreased mRNA
export (Ryu and Mertz 1989). Another example is provided
by human ceruloplasmin, in which transcripts from a
c¢DNA construct were almost entirely retained in the
nucleus. In this case, addition of the second intron of rabbit
B-globin in the 5" UTR led to cytoplasmic mRNA accumu-
lation and a 500-fold increase in protein expression (Rafiq
et al. 1997).

Effects of splicing on mRNA translational yield

For both the TPI/Renilla and TCR-B constructs, we found
that spliced mRNAs yielded two to four times more protein
per mRNA molecule than unspliced mRNAs. Theoretically,
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FIGURE 6. Analysis of overall gene expression, mRNA levels and nucleocytoplasmic distributions for TCR-3 minigene constructs. (A) Schematic
representation of TCR-f constructs containing two introns, intron 2 alone, intron 1 alone, or no intron. (B) Western blot analysis of total protein
extracted from HeLa cells 42 h post-transfection with anti-FLAG” and anti-hPrp18 antibodies. Note that the relative TCR-[ protein level indicated
for lane 4 (<1.8) only represents an upper estimate, as no specific Western signal could be detected in this lane. (C) RPA of 500 ng or 2 pg total
RNA with probes E and F (schematized in A), and probes specific to endogenous cyclophilin mRNA as well as plasmid-encoded zeocin mRNA
(for determination of transfection efficiencies). (D) Nucleocytoplasmic distribution of TCR-f and cyclophilin mRNAs. (n) Nuclear; (c) cyto-

plasmic.
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this increased translational yield could either reflect in-
creased translatability of spliced messages or differential sta-
bility of the encoded polypeptide. Our experiments do not
distinquish between these possibilities. However they do
show that downstream effects of splicing on mRNA me-
tabolism in mammalian cells are not limited to mRNA ex-
port and NMD. Splicing-dependent alteration of mRNA
translational output has previously been described in Xeno-
pus oocytes (Braddock et al. 1994; Matsumoto et al. 1998).
Braddock et al. (1994) reported that when a mature mRNA
was injected directly into oocyte nuclei, it was translation-
ally repressed after export to the cytoplasm. This repression
could be overcome either by also injecting antibodies
against the FRGY2 family of DNA/RNA-binding proteins or
by including a spliceable intron in the 3’ UTR. Binding of
FRGY?2 proteins in the nucleus is known to translationally
inactivate or “mask” mRNPs (Bouvet and Wolffe 1994).
Therefore, they concluded that splicing can enable an
mRNA to escape such masking and actively engage cyto-
plasmic ribosomes. However, whether these effects are a
peculiarity of the oocyte system, which is known to rely
heavily on translational regulation of maternal mRNAs, was
previously unknown. Our finding that spliced mRNAs also
yield more protein in mammalian cells indicates that splic-
ing enhancement of translational yield is a more general
phenomenon extendable to other organisms and cell types.
In the future, it will be of great interest to determine
whether, like export and NMD, the effects of splicing on
translational yield are attributable to deposition of an EJC
or are due to some other alteration in mRNP structure.

MATERIALS AND METHODS

Plasmids

The TPI/Renilla constructs were created by cloning human triose
phosphate isomerase exons 6 and 7 (85 and 38 nt, respectively)
plus or minus intron 6 (from pMT-TPI™N°"™; Zhang et al. 1998)
in frame with the Renilla luciferase gene (from pRL-TK; Promega)
in the pcDNA3.1/Zeocin (+) vector (Invitrogen). For the tetracy-
cline repressible constructs, each TPI/Renilla fusion gene was
cloned into pBI-EGFP (Clontech). For the ribozyme experiments,
a hammerhead ribozyme sequence (Samarsky et al. 1999) was
cloned immediately downstream from the stop codon in each
construct. T-cell receptor minigenes containing a C-terminal
FLAG epitope were derived from Construct A, (Fig. 1 in Li et al.
1997) and were expressed from the pcDNA3.1 vector. Intron 2,
which was greater than 1 kb in Construct A (Li et al. 1997), was
reduced to 358 nt in our constructs by restriction digestion and
religation. Introns 1 and 2 were deleted individually by site-
directed mutagenesis.

Cell culture and transfections

HelLa cells were cultured in DMEM supplemented with 10% fetal
calf serum. HeLa Tet-Off™ cells (Clontech) were cultured in

DMEM with tetracycline-tested 10% fetal calf serum (Clontech),
supplemented with 100 pg/ml Geneticin. All cells were transfected
at 40%-50% confluency using Superfect (Qiagen) according to the
manufacturer’s instructions. Unless otherwise indicated, experi-
ments were performed with cells grown in 6-well plates. 500 ng of
each TPI/Renilla plasmid was used for experiments shown in Fig-
ure 2 and Figure 4. For nucleocytoplasmic fractionation (Figure
5), 5 pg no-intron plasmid, 500 ng 5" intron plasmid and 2.5 pg 3’
intron TPI/Renilla plasmid were transfected. For TCR-f3 experi-
ments (Figure 6B, C) 4 pg of each plasmid was used for transfec-
tions. For nuclear/cytoplasmic fractionation experiment transfec-
tions were done using 400 ng 2-intron, 800 ng intron 2 alone, 1.5
pg intron 1 alone and 4 pg of no intron TCR-B plasmid (Figure
6D). In each set of experiments the total DNA transfected was kept
the same by including appropriate amount of empty vector.

Luciferase assays and Western analysis

For luciferase activity measurements, all cells from a single well
were lysed in 100 pL 1Xx Renilla Lysis buffer (Promega) and activity
measured by diluting 10% of this lysate fivefold with Renilla Assay
buffer (Promega). Light production was monitored in a Turner
Designs model TD-20/20 Luminometer with 2-sec delay and 10-
sec integration. The remaining lysate was diluted with 900 uL TRI
reagent (Molecular Research Corp.) and RNA extracted according
to the manufacturer’s protocol. For the time-course experiment,
500 ng of each TPI/Renilla construct were transfected into HeLa
cells in a 35-mm dish. At each time point, medium was removed
from the dishes and 200 pL Renilla Assay buffer added. The dish
was then placed directly in the luminometer and luminescence
intergrated over 120 sec after a 10-sec delay. Cells were then
washed with 1x PBS and returned to the incubator after addition
of fresh medium.

For the TCR minigenes, cells were lysed directly 42 h post-
transfection in the six-well plates with TRI reagent, and RNA and
protein isolated according the manufacturer’s directions. Ex-
tracted proteins were separated on a 15% SDS-polyacrylamide gel
and Western blotted with a 1:1000 dilution of anti-FLAG M2
antibody (Sigma), followed by a 1:30,000 dilution of alkaline phos-
phatase conjugated anti-mouse IgG (Sigma). The same membrane
was stripped and probed with anti-hPrp18 (a gift from D. Horo-
witz, Uniformed Services University of the Health Sciences
[USUHS]) as a loading control. Both blots were developed using
Enhanced Chemifluorescence reagent (Amersham) and scanned
and quantified using a Molecular Dynamics PhosphorImager and
associated software.

RNase protection assays (RPA) and
subcellular fractionations

For RPA, radiolabeled probes were synthesized by T7 transcription
with [a-**P]-UTP from templates generated by PCR. Each probe
was designed to span 100-300 nt of the exons, 20-40 nt of the
intron, and a 15-nt noncomplimentary sequence to distinguish
between undigested probe and protected fragments. Cyclophilin
probe was transcribed from pTRI-cyclophilin (Ambion). RPAs
were performed with 250 ng to 6 pg of total RNA plus 1 fmole
probe essentially as described in Dumas et al. (1996). RNase
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digestions were performed either with RNases A+T1 or with
RNaseOne™ (Promega). To ensure that the probe was not lim-
iting, RPAs were performed with two different amounts of total
RNA where indicated. Gels were scanned and quantified using a
Molecular Dynamics PhosphorImager and associated software.

Nuclear and cytoplasmic RNA was fractionated as described by
Wilkinson (1988), except that after separation of nuclear and cy-
toplasmic fractions, total RNA was isolated using the TRI reagent.
RNA from both fractions was resuspended in equal volume of
water and equal volumes were used for RPA.

RNA stability

For the actinomycin D experiment (Fig. 3A), HeLa cells were
transfected with 3.5 pg no-intron plasmid, 700 ng 5" intron plas-
mid, or 2 pg of 3" intron plasmid per well. Total DNA was nor-
malized to 4 pg by adding an appropriate amount of pEGFP-C3
vector (Clontech). Actinomycin D (100 pg/mL final) was added to
the medium 13 h post-transfection. At times indicated, total RNA
was extracted using TRI reagent and analyzed by RPA as above.
For the tetracycline repression experiment (Fig. 3B), HeLa Tet-Off
cells (Clontech), were transfected with 1 pg no-intron plasmid,
250 ng 5’ intron plasmid, and 600 ng 3’ intron plasmid. Total
DNA was normalized to 1 pg using empty pcDNA3.1 vector.
Doxycycline was added to culture medium (1 pg/mL final) 20 h
post-transfection.
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